How does a youth athlete develop into a skilled adult athlete? This is a relevant question for a wide range of athletic activities, including baseball pitching. Although 7 million boys and girls (age 6-17 years) play organized baseball in the United States each year, the number competing at the high school level is only half a million. 19, 22 Leagues typically allow players to start pitching in organized baseball around 9 years of age, 14 several years before physical changes associated with puberty, which usually occur around 13 years for boys. 18 Adolescent males grow taller at an average rate of 10.3 cm per year and gain 50% of their adult weight during puberty, much of which is driven by an increase in testosterone. 15 Testosterone causes not only an increase in bone growth but also muscle development and the loss of adipose tissue in the limbs. 18 These physical changes in size and composition have encouraged previous researchers to study the differences in pitching mechanics between discrete groups of boys, adolescents, and men. Stodden et al 20, 21 quantified throwing mechanics for a sample of boys and girls, age 3 to 15 years, and showed component developmental levels, such as older children stepping forward with the contralateral leg and older children allowing the throwing arm to externally rotate at the side instead of pushing the ball in front of the chest. Previous cross-sectional studies have compared biomechanics among baseball pitchers of various levels. [9] [10] [11] Although these studies identified biomechanical differences among age groups, the studies did not show how or when these changes occur within individuals. Identifying these patterns of change would allow athletes and coaches to use ageappropriate coaching techniques. Thus, the purpose of the current study was to examine biomechanical changes in baseball players during the first years of their pitching career. It was hypothesized that significant within-participant changes would be observed in pitching kinematics and kinetics as the pitchers grew older. Specifically, it was expected that joint forces, joint torques, and angular velocities would increase with age, while kinematics would change to be more similar to values of elite adult pitchers.
METHODS

Participants
This study was approved by the Institutional Review Board of St. Vincent's Health System, Birmingham, Alabama. Baseball players were recruited from youth baseball leagues in the Birmingham community in early 2009 and early 2010. To be included, each participant needed to be enrolled in youth baseball for his first season where players pitch (as opposed to younger baseball leagues where the batters hit the ball off a tee or pitched by an adult coach) and he had to expect to pitch for his team. Fifty-one male baseball players met these criteria and agreed to participate.
Data Collection
Each participant came to the James R. Andrews, M.D. Biomechanics Laboratory of the American Sports Medicine Institute for initial testing during his first spring as a baseball pitcher. The prospective, longitudinal study was explained to the participant and his parent or guardian, who then provided written informed assent and consent, respectively. The participant's height and weight were measured, and his upper arm circumference was measured at the fullest part of the arm between the shoulder and elbow. Test age was computed from the participant's test date and date of birth. Pitching biomechanics were then captured with methods previously described. 5, 7, [9] [10] [11] The participant changed into tight-fitting shorts, socks, athletic shoes, and baseball cap. Twenty-three retroreflective markers were then attached to bony landmarks on the pitcher's body. He was instructed to warm up as he preferred, including stretching and nonthrowing drills, followed by an unspecified number of warm-up pitches from the mound. After conclusion of the warm-up, data for 10 full-effort fastballs were collected. Each pitch was thrown from a pitching mound toward home plate, located the league-appropriate distance away (typically 14.0 m). Pitched ball velocity was measured by a radar gun (Stalker Radar), while 3-dimensional motions of the markers were tracked with a 12-camera automated motion analysis capture system sampling at 240 Hz (Motion Analysis Corporation). High-speed video was recorded from 4 viewpointsfront, side, rear, and overhead. For right-handed pitchers, the side view was from the third-base side of the mound; for left-handed pitchers, the side view was from the firstbase side. No feedback was provided by the investigators to the pitcher, his parents, or his coach about his mechanics, as they were to be blinded per the study protocol.
Participants (and parents) were contacted each subsequent spring to see whether they were pitching again in organized baseball, and if so, they were asked if they were willing to return for biomechanical testing that spring. The procedure for biomechanical retests was the same as for initial tests, except home plate was moved farther from the pitching mound when appropriate for a participant's current league. Participants continued to be invited annually unless they no longer were pitching in organized baseball.
Data Analysis
Twenty kinematic and kinetic parameters were calculated from the motion data for each pitch through use of proprietary BioPitch software (American Sports Medicine Institute), as previously described. 5, 7, 25 Included were 9 kinematic parameters at the instant of lead foot contact-stride length, lead foot position, lead foot angle, pelvis rotation, trunk separation, shoulder abduction, shoulder horizontal abduction, shoulder external rotation, and elbow flexion. Lead foot position was defined as ''closed'' when, compared with the back foot, the lead foot landed more toward the third-base side for right-handed pitchers and more toward the first-base side for left-handed pitchers. Trunk separation was the axial rotation of the upper trunk relative to the pelvis. Maximum shoulder external rotation and maximum elbow flexion were measured when the arm was cocked back. Maximum angular velocities of pelvic rotation, upper trunk rotation, shoulder internal rotation, and elbow extension were also measured. At the instant of ball release, lead knee flexion, trunk forward and side tilts, and shoulder abduction were quantified.
Ten kinetic values were computed from the motion data, the height and mass of the participant at each visit, and equations of inverse dynamics. Three kinetic maximumselbow varus torque, shoulder internal rotation torque, and shoulder horizontal adduction torque-were identified when the arm was cocked back and began its forward acceleration. Two additional maximum kinetic values-elbow flexion torque and shoulder proximal force-were observed near the instant of ball release. To account for natural changes in pitchers' height and mass over time, normalized torques and forces were also calculated and compared for each of the kinetic variables, as previously described. 10 Data for participants tested in 3 or more years were included in the statistical analysis. For each testing session, the participant was categorized by his age for that year's baseball season according to the eligibility rules of the Alabama High School Athletic Association (ie, athletes were classified according to their age as of July 31 of a given year), and this variable was treated ordinally. 1 Statistical analyses were performed by use of SAS 9.4 (SAS Institute). Within-participant changes for each kinematic and kinetic parameter were tested with a mixed linear model with random effects. Least squares means for sequential ages were compared by use of Tukey's honestly significant difference test. All tests were made at an a priori a level of .05.
RESULTS
Of the 51 players enrolled, 35 participants were tested at least 3 years and were included in the analysis. For the 35 participants included in the analysis, 27 were 9 years old at the time of their first testing and the other 8 participants were first tested at 10 years of age. An insufficient number of participants (n = 3) were still pitching at age 16 years, so the study was terminated at age 15 years. Sample size and anthropometric changes are presented in Table 1 . Not surprisingly, height, mass, and upper arm circumference significantly increased with age. Significant differences with age were found for 2 of the 5 velocity parameters as well as for most (10/15) of the position parameters (Table 2 ). Several positional changes at the instant of foot contact were noted with age, including a longer stride, a more ''closed'' foot position, and more trunk separation. As a pitcher aged, he displayed decreased shoulder external rotation at foot contact but increased maximum shoulder external rotation during arm cocking. Trunk tilt (forward and side) changed significantly with age, although these parameters did not show continuous increase or decrease with age.
Kinetic parameters were presented as loads applied about the joint by the proximal segment onto the distal segment. All kinetic parameters increased significantly with age (Table 3) . Near the instant of maximum shoulder external rotation, shoulder internal rotation torque and elbow varus torque peaked to decelerate the arm cocking and initiate the arm's forward motion. Maximum shoulder horizontal adduction torque occurred as the arm cocked back and the upper trunk rotated to face the target. Near the instant of ball release, elbow flexion torque peaked to decelerate elbow extension. Maximum shoulder proximal force also occurred near this time to resist shoulder distraction.
DISCUSSION
As hypothesized, pitching kinematics and kinetics changed significantly during the first few years of pitching. The significant increases with age in all kinetic parameters were not surprising and were consistent with our previous studies showing significant increases in kinetics with level from youth to professional baseball. 9, 11 Of particular note was the significant increase in normalized elbow varus torque from 13 to 14 years of age, and from 14 to 15 years, as varus torque is associated with tension (and tears) in the ulnar collateral ligament. 8, 12 The increased normalized varus torque implied that tension in the ulnar collateral ligament increases at this age, which may explain the high rates of ulnar collateral ligament injury reported for baseball players 15 years and older. 2, 6 The increased kinetics with age likely generated the increased ball velocity at older ages.
The fact that most (10/15) position parameters changed with age in the current study was in stark contrast to previous findings. Fleisig et al 9 found that only 1 of 11 position parameters varied among youth, high school, college, and professional pitchers. A more recent study found few differences in fastball kinematics from youth through professional pitchers. 11 It is worth noting that the age, height, and mass of the youth pitchers in the previous 2 studies were similar to the data for the 12-and 13-year-old players in the current study. The implication of these previous studies combined with the current data is that kinematic changes are most significant in the first few years of competitive pitching (perhaps 9-13 years of age).
The longitudinal design of this study allows for insight into when changes occur. Figures 1-4 show, respectively, anthropometric, velocity, position, and kinetic parameters with significant changes. Data for each parameter were normalized for comparison as percentage of an elite professional value (determined as the mean value from a database of 81 healthy professional pitchers with fastballs !88 mph during testing by our institute). Because of the high number of position parameters with significant changes, Figure 3 was simplified by including only parameters with steady increase or decrease with age. Shoulder abduction, shoulder horizontal abduction, and elbow flexion at foot contact were also excluded to simplify Figure  3 , as these arm path parameters are associated with shoulder external rotation. Visual inspection of these figures shows a steady increase in anthropometrics and velocities from 9 to 15 years of age, while the most significant increases in position parameters appear to occur up until 12 or 13 years of age. Statistical analysis of year-to-year changes confirms this, as the most significant changes were from 9 to 11 years of age for maximum shoulder external rotation, 10 to 11 years for trunk forward tilt, and 11 to 12 years for lead foot position and shoulder abduction (Table 2) . Thus, the longitudinal data support the notion that kinematic changes are most significant during the first few years of a pitcher's career. As shown in Figure 4 , kinetic changes appear to be greatest from 13 to 15 years, perhaps coincident with physical advances in male athletes after puberty. Although the year-to-year increases in kinetics were statistically significant for most years, normalized kinetics revealed the most significant increases from 13 to 15 years of age (Table 3) . Increased stride length, a more closed foot position, and increased trunk separation at foot contact, as well as increased trunk forward tilt at ball release, imply that young pitchers do a better job of using their whole body as they age. Whether this is due to improved flexibility, confidence, experience, coaching, or other influences is beyond the scope of the current study. The increased maximum shoulder external rotation in pitching with age is an important finding, which was not observed in the previous biomechanical studies comparing pitchers of various levels. 9, 11 Previous investigations of range of motion and skeletal imaging have documented increased passive external rotation and humeral retrotorsion/retroversion in the dominant shoulder compared with the nondominant shoulder for adult baseball players and other overhand athletes. 3, 17, 23, 24 Therefore, the increased external rotation during pitching in the current study may be due to physical changes to bone and soft tissue during the first few years of pitching. However, Meister et al 16 conducted a cross-sectional study of youth pitchers aged 8 to 16 years and found that passive shoulder external rotation of both the dominant and nondominant shoulders decreased with age. Meister et al were surprised by their findings, expecting dominant external rotation to increase with age. Perhaps their cross-sectional study entailed artifactual differences between the participants of different ages, whereas the longitudinal design of the current study made the changes in pitchers from 9 to 15 years old more clear.
Although most parameters increased with age, shoulder external rotation at foot contact decreased. Increased shoulder external rotation at younger ages may occur because the standard baseball seems heavy and large in the hand for some very young players; in such instances, a young pitcher may improperly remove the ball from his glove with his hand under the ball. 4 When this occurs, the shoulder is already externally rotated when the ball is removed from the glove, leading to more external rotation at the instant of foot contact. When the players Figure 5 . A participant at 2 different ages, shortly after removing the ball from the glove. (A) When he was younger, his hand was underneath the ball; (B) when he was older, his hand was above the ball. Figure 6 . Instant of ball release for a participant at 2 different ages. (A) When he was younger, the glove was down by his knee; (B) when he was older, his glove was in front of his chest. mature, they are able to remove the baseball from their glove with their throwing hand on top, reducing their shoulder external rotation. Figure 5 shows an example of a participant at 2 different ages shortly after removing the ball from the glove. A study by Fleisig et al 13 concluded that youth baseball pitching biomechanics could be improved with lightweight baseballs. In that study, 34 youth (11.1 6 0.7 years) pitched both standard (5 oz, 142 g) and lightweight (4 oz, 113 g) baseballs. Although that study did not quantify arm path out of the glove, it did show that pitching the lightweight baseball produced increased shoulder, elbow, and ball velocities as well as decreased shoulder and elbow kinetics.
The glove also seemed heavy to young pitchers. Because of this, young pitchers did not tuck their glove to their chest. Leaving the glove out and low by the lead knee increased the moment of inertia resisting upper trunk rotation, which may explain why pitchers had less upper trunk angular velocity when they were young. Leaving the glove out and low may also reduce the pitcher's ability to defend himself from a line drive hit toward his chest or face. Glove position for a sample participant at 2 different ages is shown in Figure 6 .
Although this prospective longitudinal experiment yielded valuable findings, the study did have limitations. Inclusion of a larger sample size and a longer span of ages (perhaps youth through college years) could be valuable. A large sample size could also allow for comparison between subgroups, such as youth pitchers who advanced to high school pitching, those who advanced to the collegiate level, and those who did not pitch at those higher levels. Besides measurements of height, weight, and arm circumference, measurements of other physical characteristics-such as strength and passive range of motion-could have provided additional insight related to biomechanical changes with age. The current study also did not monitor or control for pitching instructions and strength training the participants received. Future research including a larger sample size and more measurements is encouraged.
In conclusion, kinematic changes occur during the first few years of a youth pitcher's experience, particularly from ages 9 to 13 years. Forces and torques applied about the throwing shoulder and elbow increase with age, even when adjusted for height and weight, especially after 13 years of age (likely attributable to strength changes after puberty). Improvements in kinematics and kinetics toward the magnitudes of professional pitchers were associated with increased ball velocity. Thus, prepubescent pitchers may work with their coaches to improve the motions and flexibility of the players' bodies and the paths of their arms. Once proper mechanics are developed, older adolescent pitchers can focus more on improved strength and power.
